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We present in this work a comprehensive investigation of the role played by dissolved tetraﬂuoroboric
acid on the electrochemical response of a polycrystalline platinum electrode in acidic media. HBF4 from
two different suppliers was employed and characterized in terms of the amount of arsenic contamination
by Inductively Coupled Plasma-Optical Emission Spectroscopy. The effect of different amounts of HBF4 on
the voltammetric proﬁle of the Pt|HClO4(aq) interface was investigated by means of electrochemical
quartz crystal nanobalance (EQCN). Despite the comparable cyclic voltammograms, the presence of
arsenic in one of the two HBF4 used resulted in dramatic variations in the mass change proﬁle, which evi-
dences the deposition/dissolution of arsenic prior to the surface oxidation. For the arsenic-free HBF4, its
effect on the mass change proﬁle was mainly associated to anion adsorption. The impact of dissolved
HBF4 on the electro-oxidation of formic acid was rationalized in terms of two contributions: current
enhancement at low potentials due to the arsenic-assisted formic acid electro-oxidation and inhibition
at high potentials due to anion adsorption.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Reaction rates in electrochemical systems are known to
depend on a number of experimental factors, including surface
structure, temperature, concentration of reactants, composition
and concentration of electrolyte, etc. [1,2]. As far as the electro-
oxidation of small organic molecules is concerned, the presence
of dissolved anions in the supporting electrolyte might severely
inhibit the reaction [3–11]. The inhibition is generally believed
to increase in the following order [12]: F < ClO4 < SO
2
4 <
Cl < Br < I, which reﬂects the decreasing energy of solvation
of these species. It has been suggested that anions derived from
the dissociation of tetraﬂuoroboric acid do not follow this general
trend and higher reaction rates for the electro-oxidation of differ-
ent small organic molecules have been associated to its presence
in the electrolyte [8,13–16]. In order to explain this anomalous
behavior, Schell and co-workers have argued that the anionic
complex BF3OH, adsorbs at the electrode surface and provides
oxygenated species to the early electro-oxidation of organic mol-
ecules. Furthermore, they also suggested that the co-adsorption of
unlike anions might be associated to lateral repulsion, which in
turn helps keeping some sites free for adsorption of additional
species [13]. The role of dissolved HBF4 has been also studied
on the oscillatory instabilities during carbon monoxide electro-
oxidation [17].evier OA license.Despite the referred investigations, the role of dissolved HBF4 in
electrochemical systems has not been investigated in depth. Angel-
ucci et al. [18] have recently reported the effect of dissolved HBF4
on the electrochemical response of single crystal platinum elec-
trodes. The authors used tetraﬂuoroboric acid (48% wt. Sigma
–Aldrich) as received, and observed a pair of redox peaks very char-
acteristic of arsenic under similar conditions. This electrochemical
evidence was indeed conﬁrmed: the arsenic contamination in the
original HBF4 was quantiﬁed by Inductively Coupled Plasma-Opti-
cal Emission Spectroscopy (ICP-OES) and found to amount to
2.3 ppb. After a 24 h electrolysis, arsenic was largely removed
and the anion adsorption investigated in detail. The authors found
that anion adsorption in this system occurs to a lesser extent than
that for (bi)sulfate, and to vary considerably according to the crys-
tal orientation.
In this paper, we investigate the role of dissolved HBF4 on the
electrochemistry of the Pt|HClO4(aq) and Pt|HClO4(aq), HCOOH
interfaces. HBF4 purchased from two different suppliers were used,
and the contamination by arsenic was quantiﬁed by means of Hy-
dride Generation Atomic Absorption Spectroscopy (HGAAS). We
employed in situ nanogravimetry with the electrochemical quartz
crystal nanobalance (EQCN) to study of the Pt|HClO4(aq), HBF4
system.2. Experimental
All solutions were prepared using high purity water
(18.2 MX cm, Millipore) and grade chemicals: HClO4 71% (Merck),
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ferred to as a-HBF4), and from Strem Chemicals (referred to as b-
HBF4). The electrolyte was purged with N2 previous to the experi-
ments and the gas ﬂux was kept above the solution during the
measurements. Prior to nanogravimmetric experiments the work-
ing electrode was cycled 100 times at 0.05 V s1 from 0.05 to
1.45 V in the base electrolyte, HClO4 0.1 mol L1. This procedure
was necessary to ensure a reproducible and stable voltammetric
proﬁle [19]. Electrodes were washed in aqua regia solution:
HCl + HNO3 1:3 in volume. All glassware was put in an overnight
bath of a mixed solution of HNO3 + H2SO4 1:1 before washing
and boiling in high purity water.
The quartz crystal (5 MHz, AT-cut with active geometrical area
of 1.29 cm2, Maxtek Inc., USA) with Pt deposited on a Ti layer was
used as working electrode. The change of the vibrational frequency
of the quartz-crystal resonator was converted to interfacial mass
variation using the Sauerbrey equation and the calibration con-
stant Cf = 6.47 ng cm2 Hz1 was determined for our system fol-
lowing the procedure reported by Jerkiewicz and co-workers
[20,21]. A platinized platinummesh was used as counter electrode.
A reversible hydrogen electrode was used as reference electrode
and all potentials quoted here are referred to it. A conventional
electrochemical cell was adapted to the quartz crystal nanobal-
ance. A platinum sheet was used as working electrode for the
experiments of electro-oxidation of formic acid. Electrochemical
measurements were carried out with a potentiostat PGSTAT 30
AUTOLAB, and the in situ frequency responses were obtained with
an electrochemical quartz crystal nanobalance from Maxtek
(RQCM). All experiments were performed at 25 C.3. Results and discussion
3.1. Voltammetric and nanogravimetric study of the Pt|HClO4(aq),
HBF4 system
Fig. 1 shows the voltammetric proﬁles of the current density
and mass change for the platinum electrode in the presence of
an 0.1 mol L1 aqueous perchloric acid solution, and different
amounts of HBF4 were added to ﬁnal concentrations between
0.025 and 0.125 mol L1.1 For reasons that will become clear latter,
the mass change proﬁles were plotted according to the following
normalization: the mass value at 1.3 V at the end of the positive
going sweep was set to zero in (b), Dm1.3 V = 0; in (d) the normaliza-
tion was done by setting the zero mass in the beginning of the vol-
tammetric cycle (0.05 V), Dm0.05 V = 0. This procedure was adopted
only for visualization purposes and do not affect the data analysis,
vide infra.
The voltammetric proﬁles for the system in the presence of
aHBF4, Fig. 1a, present a slight decrease in the charge in the
hydrogen region, which is a consequence of the blockage of surface
sites at low potentials. It is worthy to note the emergence of a
small oxidation shoulder close to about 0.80 V, prior to the onset
of surface oxidation. Focusing now on the nanogravimetric results,
new insights come up. Unlikely the mass change (Dm) proﬁle of
the Pt|HClO4(aq) base system, signiﬁcant changes are observed be-
tween 0.65 and 0.95 V, and this behavior becomes more noticeable
as the concentration of a-HBF4 increases. The normalization Dm1.3
V = 0 adopted for this set stress the effect of a-HBF4 concentration
on the mass change in the low potential region.1 Independently on the origin of the HBF4 used, the As content was neglected when
preparing the HBF4 aqueous solutions. This is because the As contamination was not
quantiﬁed before the electrochemical experiments. Nevertheless, accounting for this
amount it would result in a minor difference in the HBF4 concentration. This
difference can be regarded as negligible for the purposes of our discussion.An identical set of experiments was performed for the
Pt|HClO4(aq), b-HBF4 system and the results are presented in Fig.1c
and d. Grosso modo, the voltammetric response is somewhat simi-
lar to that found for the case of a-HBF4, and this is especially true
for the hydrogen region. However, at potentials around the onset of
surface oxidation, some discrepancies become apparent. The sys-
tem perturbed with b-HBF4, Fig. 1c, shows typical effect of anion
inhibition, namely the retardation of the surface oxidation, which
is postponed to more positive potentials. This inhibition is corrob-
orated by the corresponding decrease in the reduction charge of
platinum oxides in the negative going sweep (see Ref. [10] and ref-
erences therein). Regarding the nanogravimetric response, Fig. 1d,
the system presents the typical behavior for platinum in acidic
media in the presence of inhibiting anions. For comparison, the re-
sults presented in Fig. 1c and d are consistent with that reported by
Zolfagari et al. [22] for the effect of chloride anions on the platinum
electrochemistry in aqueous sulfuric acid media. Similarly to that
observed here, the main effect of Cl addition, at least in concen-
trations in the range between 107 and 105 mol L1, is the de-
crease in the mass attained at the end of the forward scan. At
this point it is important to emphasize the key role of in situ nano-
gravimmetric analysis when comparing the systems perturbed
with a- and b-HBF4: despite the slight differences in the current/
potential curves, an astonishing contrast is observed in the mass
change/potential curves.
Despite the inherent difﬁculties associated to the unambiguous
assignment of the adsorbed species from EQCN data, the mass
change to charge ratio, dDm/DQ, can provide insightful informa-
tion. Fig. 2 describes the Dm/Q curves obtained during the positive
going sweep for both sets of data given in Fig. 1. The main contrast
between plots (a) and (b) in this representation consists of the neg-
ative dDm/DQ slopes that result of the presence of a-HBF4, Fig. 2a,
in the charge region between about 270 and 380 lC cm2. As in the
voltammetric proﬁles, the negative slope becomes more pro-
nounced for increasing concentration of a-HBF4, and it reﬂects
the mass decrease observed in the potential range between about
0.65 and 0.95 V. In contrast, only positive dDm/DQ slopes are ob-
served in the experiments in presence of dissolved b-HBF4.
An attempt to extract more quantitative data from dDm/DQ
slopes consists of estimating the apparent molar mass, M, of the
adsorbing specie, based on the Faraday law [23–25],
M ¼ dDm
DQ
nF
in which the apparent molar mass M is given in g mol1; n is the
number of electrons transferred during the ad/desorption (set as
1); and F is the Faraday constant (96,485 C mol1). M is estimated
in a given potential region in which the slope dDm/DQ is constant.
In the potential region between 1.02 and 1.25 V the apparent molar
mass was found to lie between 7.0 ± 0.1 and 9.3 ± 0.1 g mol1 in all
experiments. Within the experimental error, this value is consistent
with the formation of PtO species (16/2 g mol1), as demonstrated
by Jerkiewicz and co-workers for polycrystalline platinum in acidic
media [20,21,25]. Note that the apparent molar mass of about
8 g mol1 was obtained in the potential range between 1.02 and
1.25 V, where anion adsorption plays a minor role.
Between 0.44 and 0.64 V, the apparent molar mass calculated
increases from 30.9 ± 0.3 to 83.9 ± 1.6 g mol1 for increasing a-
HBF4 concentration, and remains between 19.7 ± 0.3 and
23.4 ± 0.4 g mol1 for solutions before and after the addition of b-
HBF4. The approximate constancy of the latter irrespective to the
addition of b-HBF4, reﬂects the fact that disturbance caused by this
specie for 0.44 < U < 0.64 V is very modest, if any. As already men-
tioned, a critical potential region is the one from 0.73 to 0.81 V. For
increasing a-HBF4 concentration, the apparent molar mass varies
from 8.2 ± 0.6 and 58.0 ± 1.2 g mol1, where the negative sign
Fig. 1. Voltammetric and nanogravimetric responses of the Pt|HClO4(aq) system perturbed with different amounts of HBF4. Proﬁles for the Pt|HClO4(aq), a-HBF4 system are
presented in (a) and (b), whereas for Pt|HClO4(aq), b-HBF4 are given in (c) and (d). The solid curves stand for the base system, Pt|HClO4(aq).
Fig. 2. Dm/Q curves along the positive going sweep for the Pt|HClO4(aq) system
(solid lines) and after addition of different amounts of (a) a-HBF4 and (b) b-HBF4.
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tential region. In contrast, the Pt|HClO4(aq) system remains again
nearly unaffected by b-HBF4 in this potential region.
In summary, the main results of our nanogravimetric analysis of
the Pt|HClO4(aq), a-HBF4 system are the increase/decrease of the
surface mass change in the potential regions between 0.44 and
0.64 V and 0.73 and 0.81 V, respectively. Moreover, the magnitude
of these variations increases with the amount of a-HBF4 added to
the Pt|HClO4(aq) system. In contrast, the addition of b-HBF4 hardly
affects the mass variation of the base system, Pt|HClO4(aq).
As discovered by Feliu and co-workers [18], as received HBF4
can be considerably contaminated by arsenic. In the present study,
we veriﬁed this contamination by Hydride Generation Atomic
Absorption Spectroscopy (HGAAS), and found that our a-HBF4
was indeed contaminated with 230 ± 2 ppb of arsenic. This amount
is about 100 times higher than that found by Angelucci et al. [18].
Since in both cases the HBF4 utilized was obtained by the sameprovider and used without further puriﬁcation, it seems that there
is simply no control on the arsenic content in the original HBF4, at
least the one provided by Sigma–Aldrich. Moreover, it is important
to mention that there is no indication in the product description
about any possibility of traces of As in the HBF4.
The nanogravimetric results presented in Figs. 1 and 2 unam-
biguously show remarkable differences in the mass variation pro-
ﬁles as result of the addition of As-contaminated HBF4. Since the
adsorption/desorption of arsenic species occur simultaneously to
other surface processes, the determination of the nature of the ar-
senic species undergoing those processes was unfortunately not
feasible. In the next we present results of the effect of HBF4 on
the electro-oxidation of formic acid.
3.2. Electrochemical investigation of the inﬂuence of HBF4 on the
electro-oxidation of formic acid
Cyclic voltammograms obtained at 0.05 V s1 for the
Pt|HClO4(aq), HCOOH system, before and after addition of different
amounts of a-HBF4 and b-HBF4 are showed in Fig. 3. In general, one
observes the typical voltammetric proﬁle usually reported in liter-
ature [26,27] for the electro-oxidation of formic acid on polycrys-
talline platinum in perchloric acid aqueous media. Along the
positive going sweep there are two oxidation processes, one at
low potentials around 0.60 V and the second one close to 0.90 V.
In the negative sweep, one has the reactivation process around
0.80 V.
Focusing initially on the Pt|HClO4(aq), HCOOH, a-HBF4 system,
the main feature to be pointed out is the dramatic increase of
the current density in the positive sweep around 0.60 V accompa-
nying the increase in the a-HBF4 concentration. On the other hand,
a clear inhibition is observed for the second process at more posi-
tive potentials. During the negative going sweep, the current
Fig. 3. Voltammetric responses of the formic acid electro-oxidation in the presence of different amounts of (a) and (b) a-HBF4 and (c) and (d) b-HBF4. The positive going
potential sweeps are presented in plates (a) and (c), and the negative ones in (b) and (d). The responses for the Pt|HClO4(aq), HCOOH system are presented in solid lines. Scan
rate: 0.05 V s1.
Fig. 4. Quasi-stationary current density/potential curves for the electro-oxidation of
formic acid in the presence of a-HBF4 (ﬁlled squares) and b-HBF4 (ﬁlled triangles) at
0.125 mol L1. The results for the Pt|HClO4(aq), HCOOH are also presented (open
circles). Current densities obtained after 400 s of polarization. Starting potential
was 1.3 V (20 s) followed by step to the selected potential.
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peak to less positive potentials. The increase of the reaction current
at low potentials during the electro-oxidation of formic acid per-
turbed by HBF4 has also been observed by Schell and co-workers
[14,15].
Results for the Pt|HClO4(aq), HCOOH, b-HBF4 system are charac-
terized by a current density decrease along the whole potential re-
gion, c.f. Fig. 3c and d. The fact that the general shape of the current
density/potential proﬁles remains essentially unchanged is consis-
tent with the anion inhibition [3,4,9]. Since the addition of b-HBF4
leads to a decrease of the reaction current in a trivial manner along
the whole potential window, it is arguable that its main effect is
associated to anion inhibition, similarly to that observed for chlo-
ride under comparable conditions [10]. Moreover, the opposite ef-
fects, i.e. catalytic enhancement and inhibition, were also found
under quasi-stationary conditions. As given in Fig. 4, both effects
are also captured in the curves of the quasi-stationary current den-
sity, jss, registered after 400 s at some selected potentials.
Results presented here for the Pt|HClO4(aq), HCOOH, a-HBF4
system cannot be discussed in the light of the role traditionally
attributed to anionic species such as BF4 or BF3OH
. Schell et al.
[8,13–16] have extensively studied the effect of anions such as tet-
raﬂuoroborate (BF4 ), triﬂuoromethylsulfonate (SO3CF

3 ), bromide
(Br) and chloride (Cl) on the electro-oxidation of some small or-
ganic molecules on polycrystalline platinum. As already quoted,
the authors observed a signiﬁcant enhancement of the reaction
current during the electro-oxidation of formic acid, also of metha-
nol, in the presence of BF4 . The authors claim that BF

4 is a special
anion, which role is primarily associated to the enhancement of the
catalytic activity in contrast to what is commonly expected [16].One of author’s hypotheses is that the added anions would change
the positions of the anions from the supporting electrolyte previ-
ously adsorbed. The distortion caused by the charge distributions
of unlike anions would lead to asymmetric repulsions, which could
empty surface sites and thus enhance the electro-oxidation of neu-
tral molecules.
It is well known that some ad-atoms (Ge, Sn, As, Sb) deposited
on noble metals can signiﬁcantly increase reaction rates in the
electro-oxidation of small organic molecule at considerably low
potentials [28]. The origin of this catalytic effect is the prevention
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the increase of oxidation rate of the organic molecules by oxy-
gen-containing species co-adsorbed on the ad-atoms. The impact
of ad-atoms on the kinetic of some electro-oxidation reactions
has been extensively studied [29,31,35]. The authors present
unambiguous evidences that the presence of arsenic changes the
catalytic properties of platinum electrode. The authors observed
more selectivity and activity to the path of intermediate oxidation
around 0.54 V. The catalytic activity drops signiﬁcantly at more po-
sitive potentials because the adsorbed As(III) is oxidized at high
potentials and leads to As(V) soluble species [30]. In fact, the spon-
taneous deposition of arsenic occurs from As(III) in solution at low
potentials [31], and it is oxidized to As(V) soluble specie [32] at
around 0.80 V. Angelucci et al. [18] observed that the results from
experiments performed with HBF4 as received presented the redox
peaks associated to arsenic contamination, hindering the study of
BF4 behavior at the three Pt basal planes.
Since the arsenic contamination plays a decisive role on the cat-
alytic activity of platinum electrodes even to polycrystalline ones
[33–35], a a-HBF4 1 mol L1 solution was electrolyzed during
24 h at 0.3 V following the procedure reported by Angelucci et al.
[18]. Fig. 5 shows the voltammetric proﬁles for the positive and
negative potential sweeps during the formic acid electro-oxidation
in the presence of electrolyzed a-HBF4 and a-HBF4 as received,
both at 0.05 mol L1. The response for the base system,
Pt|HClO4(aq), HCOOH, is presented as well (solid line). These re-
sults clearly show that the atypical effect of a-HBF4 was due to
the presence of arsenic. Adding HBF4 from the electrolyzed solu-
tion to the Pt|HClO4(aq), HCOOH system led to decrease of current
densities during the formic acid electro-oxidation, in contrast to
the effect of using a-HBF4 as received. The voltammetric features
in the presence of electrolyzed a-HBF4 almost perfectly match with
that one observed when b-HBF4 was added to the Pt|HClO4(aq),
HCOOH system. As already discussed, anion inhibition is the most
prominent feature in this case.
The current decrease observed at around 0.80 V in the
Pt|HClO4(aq), HCOOH, a-HBF4 system is more pronounced than
that found for the case of b-HBF4. According to Cabelka et al.
[32], the oxidation of adsorbed As(III) on Pt is catalyzed by ad-
sorbed oxygenated species. As a consequence, early formed ad-
sorbed oxygenated species can be transferred to adsorbed As(III)
in the electrocatalyzed production of OAs(OH)3, which is easily
hydrolyzed. Therefore, one has two events that could contribute
to the current decrease observed in this potential region. In addi-
tion to the adsorption of inhibiting BF4 anions, it might well be
the case that the production of OAs(OH)3 compels to the further
decrease in the current densities through consumption of oxygen-
ated species, which are important to the successful oxidation of
formic acid in this potential region.Fig. 5. Voltammetric response for the formic acid electro-oxidation in the presence
of a-HBF4 as received (dotted line) and after electrolysis (dashed line), both at
0.05 mol L1. The results in the absence of HBF4 are presented as well (solid line).
(a) positive and (b) negative potential sweeps.4. Conclusions
We reported experimental results on the effect of dissolved tet-
raﬂuoroboric acid on the electrochemical response of a polycrystal-
line platinum electrode in acidic media. In particular we
investigated the inﬂuence of different amounts of HBF4 on the
Pt|HClO4(aq) and Pt|HClO4(aq), HCOOH systems. Based on a previ-
ous work [18] reporting the presence of arsenic contamination in
as-received HBF4, we used this chemical from two different suppli-
ers and characterized it in terms of the amount of arsenic contam-
ination by Hydride Generation Atomic Absorption Spectroscopy
(HGAAS).
In situ nanogravimetry with the electrochemical quartz crystal
nanobalance (EQCN) was used to study the effect of different
amounts of HBF4 on the voltammetric proﬁle of the Pt|HClO4(aq)
interface. Despite the comparable voltammetric signatures, the
presence of arsenic in one of the two HBF4 used resulted in dra-
matic variations in the mass change vs. potential proﬁles, and this
was interpreted as the deposition/dissolution of arsenic prior to
the surface oxidation. In contrast, when the arsenic-free HBF4
was used, the main effect on the mass change proﬁle was associ-
ated to anion adsorption, presumably BF4 or BF3OH
.
The effect of As-contaminated HBF4 on the electro-oxidation of
formic acid was also evaluated. Overall, the effect of HBF4 addition
on the Pt|HClO4(aq), HCOOH system can be rationalized in terms of
two effects: a considerable enhancement of the electro-oxidation
current at low potentials and a current decrease at high potentials.
The former effect was unambiguously attributed to the arsenic-
assisted electro-oxidation of formic acid. In its turn, the current
decrease at high potential was caused by the anion adsorption.
Similarly to that found in the Pt|HClO4(aq) system.
Finally, it should be mentioned that the extent of the As-con-
tamination in the as-received HBF4 observed here, 230 ppb, was
about ten times more than that reported by Feliu and co-workers
[18] for the HBF4 from same provider. Moreover, the manufac-
turer’s label gives no information about the occurrence of arsenic
traces. This is certainly a point of concern for future investigations.Acknowledgments
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